11 DNA re-identification is used for a broad range of applications, ranging from cell line 12 authentication to crime scene sample identification. However, current re-identification schemes
62
Here, we report a portable, rapid, robust and inexpensive strategy for SNP-based human DNA re-63 identification using a MinION sequencer (produced by Oxford Nanopore Technologies, ONT), a 64 cheap and portable DNA sequencer that weights only 100grams and can be plugged into a laptop 65 computer. This device can be adopted easily in a standard laboratory. Our strategy, termed
66
'MinION sketching', exploits real-time data generation by sequentially analyzing extremely low 67 coverage shotgun-sequencing data from a sample of interest and comparing observed variants to a 68 reference database of common SNPs (Figure 1) . We specifically sought a strategy that does not 69 require PCR to eliminate the latency introduced by DNA amplification and to increase portability 70 and miniaturization. However, this poses two technical challenges. First, MinION sequencing 71 exhibits a high error rate of 5-15% (Ip et al., 2015) , which is two orders of magnitude beyond the 72 expected differences between any two individuals. Second, MinION sketching produces shotgun-
73
sequencing data that only covers a fraction of the human genome due to the limited capacity of a
74
MinION flow-cell. As such, the extremely low coverage dictates that each locus is covered by up 75 to one sequence read, which nullifies the ability to enhance the signal by integrating multiple reads or observing both alleles at heterozygous loci. Taken together, these challenges translate to 77 a noisy identification task where the available genotype data only provide a mere sketch of the 78 actual genomic data.
79
To address these challenges, we developed a Bayesian algorithm that computes a posterior 80 probability that the sketch matches an entry in the reference database (H exact ), or has no match to 81 the data data, taking into account each marker's allele frequency, and the prior probability that a 82 sample matches an entry in the reference database. The Bayesian approach sequentially updates 83 the posterior probability with every new marker that is observed until a match is found.
84
Collectively, our method can identify a sample, without PCR amplification, yet with very high 85 probability despite the low coverage and the high error rate of the MinION.
87

Results
88
We sought to test our strategy using a large-scale reference database and in various technical 89 scenarios in order to benchmark our re-identification method for real-life scenarios. To this end,
90
we first constructed a large-scale reference database of genomic datasets to stress the specificity 91 of our method. This reference database comes from the DNA.Land project (Erlich, 2015) and 
95
These scenarios included either extracting the DNA from a spit kit or tissue culture, testing either 96 the R7 chemistry or the newer R9 chemistry, and re-identifying samples that were derived from 97 different ethnic backgrounds. The genetic reference file for each of these samples was included in 98 our database.
99
We found that the MinION sketching procedure re-identified human DNA with high accuracy 101 after minutes of operation. After only 13 minutes of sketching using the R7 chemistry, the
102
Bayesian algorithm re-identified the NA12890 sample (a female CEU individual from the
103
HapMap project) with a posterior probability greater than 99.9%. Despite the high error rate of 
115
wondered about the impact of the prior probability on identifying individuals. To this end, we 116 tested various prior probabilities of identifying the YE001 sketch. We found that the initial 117 selection of the prior probability had no effect on the matching ability and only slightly increased 118 the time required to achieve a high-confidence match. Even with a prior probability that considers 
122
Moving to the new R9 chemistry provided even faster re-identification results. We sketched
123
samples of a Northern European female (SZ001) and a Northern-Italian-Ashkenazi male (JP001)
124
using the R9 chemistry. We were able to re-identify these two samples using only 98-134 SNPs 
159
Lastly, we aimed to explore a sample preparation strategy that requires minimal hands-on time.
160
To this end, we utilized a simple protocol to extract DNA using the rapid transposase-mediated 
201
We show that cell line authentication can be achieved in the lab in one afternoon, either using a run will reduce the cost to a little over $100, which is substantially lower then the ATCC STR-
212
typing service or forensic kits.
213
As major authentication challenges plague research fields that work with a multitude of plant and 
231
Things applications that will use DNA as a means for biometric authentication.
233
MinION sketching provides a rapid method for cell authentication and sample re-identification.
234
We developed and implemented a Bayesian method that allows matching error-prone MinION 235 reads to sparse matching files from a database. We showed the robust matching and specificity of 236 DNA sample re-identification using 91-250 SNPs. This creates the opportunity for large-scale 
242
Methods
243
The Bayesian matching algorithm 244
The matching algorithm uses a Bayesian framework to evaluate the posterior probability of a 
251
The posterior probability of the matching outcome for the -th sample is:
254
where ! is the prior probability for the matching status of i-th sample and is specified by the 255 user.
256
The likelihood is approximated using the following equation:
The likelihood of an exact match given the data of the -th marker, ( ! | ! = ), is given by the
258
following matrix:
where the rows denote the genotype of the -th sample for the -th marker as observed in the
260
DNA database, the columns correspond to the observed genotype in the MinION data, and 261 denotes the error rate assuming symmetry in confusing allele A for allele B and vice versa. 
266
The likelihood of a mismatch given the data of the k-th marker, ( ! | ! = ), basically 267 corresponds to observing the allele ! in a random person from the population. This probability
268
is the sum of two processes: (i) the random person has the same allele as ! and the observation is errorless or (ii) the random person does not have the same allele as ! but a sequencing error 270 flipped the observed allele. Therefore:
273
where ( ! ) denotes the frequency of the observed allele in the population.
274
Finally, the evidence, is given by:
277 278
DNA samples for sequencing
279
We purchased the genomic DNA sample for the 1000 Genomes individual NA12890 from the
280
Coriell Institute. The THP1 cell line (ECACC: 88081201 sigma) was used from the lab recourses.
281
YE001 and SZ001 were derived from the corresponding authors (Y.E. and S.Z.) and JP001 using 
290
(ii) 29,554 genomes were collected using DNA.Land, an online website (https://dna.land). The website procedures were approved by our IRB. Based on current consent, this set of 29,554
292
genomes cannot be shared. All experiments with this collection were done using an automatic 293 algorithm on a secure server without access to the explicit identifiers of the samples (e.g. names
294
or contact information) (further information in Supplemental Materials).
295
MinION sketching
296
The MinION was run according to the instructions of the manufacturer. We used Poretools 297 (Loman & Quinlan 2014) to extract the FASTQ data and time stamps from the local files,
298
followed by alignment using bwa-mem (Li, 2013 
348
(bottom x-axis) denote the number of SNPs used in the posterior computation by the Bayesian algorithm.
349
The match probabilities are inferred by comparing the MinION sketches to a database with 31,000 DTC 
372
B) The match probability is inferred by comparing a MinION sketch generated by transposase mediated 
374
The prior probability for a match was set to 10 -5 . The rapid library protocol was tested in the lab. The
375
MinION sketch generated from sample SZ001. The library was prepared in 55 minutes in the laboratory.
376
After 2.3 hours of sequencing and 239 informative SNPs, the posterior match probability exceeded 99.9%. 
487
Genomic DNA from NA12890 and YE001 (Table S1 ; exp1, exp2 respectively) were prepared for 2D 491 and the THP1 cell line were prepared using the SQK-NSK007 (Table S1 ; exp3, exp 4, exp 5) and run on 492 R9 flowcells.
493
Rapid library preparation in the lab
494
Samples (Table S1, 
502
We used the SQK-RAD001 kit to prepare the DNA library. FRM (2.5µl, ONT) was added to the DNA 503 sample (20µl) and incubated for 1 min at 30 o C. Then, 1µl RAD (ONT) plus 0.2µl ligase was added and the 504 mixture was incubated for 10 minutes.
506
The R9 flowcell was prepared by applying two times 500ul priming mix (RBF 1x). The library was then 507 added to the flowcell without a purification step.
508
Barcoding
509
The barcoding protocol was executed according to manufacturer's instructions for native barcoding kit I
510
(EXP-NBD002) in conjunction with Nanopore Sequencing kit (SQK-NSK007) with some modifications 511 (Table S1, 
516
DNA was eluted off the beads using 31µl nuclease free water (NFW). The NB01 and NB02 barcode was 517 ligated to the fragments of each sample with Blunt/TA ligase mix (NEB) and incubated for 15 minutes.
518
After an AMPure purification step, the two samples are pooled. Next we ligated the adaptor (BAM) and 
524
MinION sketching
525
To start a MinION run, we primed the flowcells according to the manufacturer's protocol. We started 526 MinKnow (protocol "MAP_48Hr_Sequencing_Run_SQK_MAP006" for R7 and
527
"NC_48hr_Sequencing_Run_FLO-MIN104" for R9), uploaded the collected reads to Metrichor (a cloud-
528
based program that base-called the reads), and stored them on our computer.
530
We used Poretools [ (Loman & Quinlan 2014) ] to extract the FASTQ data and time stamps from the local 531 files. Only reads with an average base quality greater than 9 were used for the downstream analysis. Next,
532
we aligned the files to hg19 using bwa-mem (v0.7.14)(Li 2013) using the command "bwa mem -V -x minimize the effects of sequencing error, we considered only MinION read bases that matched the common
538
SNP alleles in dbSNP. For example, if at position chr1:10,000 the MinION reported "A" and dbSNP
539
reported a variant "C/G", then we treated this position as a sequencing error. The R7 chemistry run with
540
NA12890 generated 4920 variants after one hour of MinION sequencing, of which 7.7% were rejected after 541 filtering for common SNPs. Intersecting these with the reference file and analyzing the true error from the 542 matched SNPs resulted in 8.9% mismatches. This contrasts with the R9 chemistry, which only resulted in 543 2% true mismatches (Table S3-5) .
545
The Bayesian model was integrated in a Python script, in order to match between the MinION data and 546 each entry in the database. To accelerate the search, we implemented the following procedure: (i) if the 547 posterior probability drops below 10 -9 , the script concludes that the database entry does not match and 548 moves to the next entry (ii) the script uses only up to one hour of data to determine the posterior of a 549 sample.
551
As a default setting, we used a prior probability of 10 -5 for exact matching. The only exception was Figure   552 supplement 2 (YE001), where we employed a range of prior probabilities. As a default setting, we used the 553 computed error rate from each read as the in our Bayesian.
554
All code is publicly available on github at github.com/TeamErlich/personal-identification-pipeline.
556
Simulations:
557
For the simulations we took reads from exp. 4 and 5 ( Table S1 ). The total number of reads was set to 3000
558
and a random number of reads that represents the percentage proportion were selected. For example, for
559
50% contamination we took 1500 random reads from experiment 4 and 1500 random reads from 560 experiment 5. These were pooled together and again shuffled to simulate a mix. This process was repeated 561 five times for each contamination fraction. The resulting pooled file was processed using our pipeline and 562 matched to the reference file of the corresponding MinION sketch (either THP1, or JP001). 
564
